Abstract: Different from conventional reservoirs, unconventional tight sand oil reservoirs are characterized by low or ultra-low porosity and permeability, small pore-throat size, complex pore structure and strong heterogeneity. For the continuous exploration and enhancement of oil recovery from tight oil, further analysis of the origins of the different reservoir qualities is required. The Upper Triassic Chang 8 sandstone of the Yanchang Formation from the Maling Oilfield is one of the major tight oil bearing reservoirs in the Ordos Basin. Practical exploration demonstrates that this formation is a typical tight sandstone reservoir. Samples taken from the oil layer were divided into 6 diagenetic facies based on porosity, permeability and the diagenesis characteristics identified through thin section and scanning electron microscopy. To compare pore structure and their seepage property, a high pressure mercury intrusion experiments (HPMI), nuclear magnetic resonance (NMR), and water-oil relative permeability test were performed on the three main facies developed in reservoir. The reservoir quality and seepage property are largely controlled by diagenesis. Intense compaction leads to a dominant loss of porosity in all sandstones, while different degrees of intensity of carbonate cementation and dissolution promote the differentiation of reservoir quality. The complex pore structure formed after diagenesis determines the seepage characteristics, while cementation of chlorite and illite reduce the effective pore radius, limit fluid mobility, and lead to a serious reduction of reservoir permeability.
Introduction
Recently, due to the considerable resources available, unconventional tight sandstone reservoirs have gradually become the main target of oil and gas energy development [1] . However, poor physical properties, small throats, complex pore structures and strong heterogeneity of tight sandstone can bring a series of complex problems for oil and gas exploration and development [2, 3] . The detailed evaluation and description of the characteristics of reservoir quality, including porosity, permeability, movable fluid saturation, and oil-water relative permeability, can identify the origin of different reservoir qualities by analyzing diagenesis; these steps are the keys to predicting the dominant reservoirs and efficiently exploring and developing tight oil and gas. In the process of oil production by water injection, clearly understanding the characteristic of pore structure, fluid distribution and two-phase fluid dynamic migration is especially important as the basis for remaining oil studies and enhancing oil recovery [4, 5] . Reservoir quality is primarily controlled by the microscopic pore morphology and structural features. A large number of research studies were conducted pertaining to pore structure in tight sandstone reservoirs [6] [7] [8] . Thin sections, scanning electron microscope (SEM) high-pressure mercury injection (HPMI), nuclear magnetic resonance (NMR), X-ray computer tomography (XCT) and other qualitative or quantitative charac-terization techniques have been applied to describe and evaluate the pore structure [9] [10] [11] [12] [13] .
The purpose of studying the influencing factors of reservoir quality is to better guide the exploration and exploitation of tight oil. Many studies have found that the same diagenetic facies usually have similar characteristics in their components, pores structure and diagenesis evolution [14] ; when these characteristics were noticed, many practical studies were carried out on high quality reservoir prediction by correlating the diagenetic facies to well logs. Predictive models based on probabilistic neural networks (PNN) [15, 16] and an artificial neural network (ANN) were also effective [17, 18] . Two major problems need to be solved before quality prediction is possible; one is how to divide diagenetic facies according to reservoir composition, structure and diagenesis, and the other is to clarify the formation mechanism of reservoir quality corresponding to different diagenetic facies, to identify the diagenetic facies favorable for reservoir development.
The Chang 8 sandstone of the Yanchang Formation in the Maling Oilfield is the main crude oil production layer in the Ordos Basin with a large distribution of oil layers and low porosity, low permeability and strong heterogeneity [19] . Early studies have confirmed the influence of sedimentary facies distribution and diagenesis [20] . Although some scholars have discussed the origin of tight reservoirs [21] , most research has been based on the general analysis of all types of samples, which is not conducive to clarifying the differences in reservoir quality and fluid seepage characteristics. Therefore, it is necessary to find an effective research method for evaluation of classification. The diagenetic facies is a direct reflection of the lithology and physical characteristics of the reservoir; hence, classification based on diagenesis can effectively classify the reservoir, which facilitates the detailed study of reservoir quality evaluation and seepage.
Based on the study of the petrological and pore structure characteristics, the Chang 8 reservoir was divided in six diagenetic facies. Comprehensive analysis of three diagenetic facies of reservoir was carried out based on the pore structure, movable fluid properties and two-phase seepage characteristics. The effects of diagenesis on reservoir quality and oil-water relative permeability are illustrated. The main purpose of this paper is to establish an effective reservoir classification method to conduct a targeted analysis on the diversity of reservoir quality and seepage mechanisms.
Geological background
The Maling Oilfield in the southwest of the Ordos Basin is the earliest developed oilfield in the basin. This oilfield is a reservoir bearing structural-lithologic traps and oil with a regional area of approximately 1000 km 2 [19] .
The structure is located in the southwest of the Yishan Slope, controlled by a western thrust belt. The Tianhuan depression, Yishan Slope and Weibei Uplift represent the four tectonic units, and the structure in the study area presents a unicline characterized by a westward low and eastward high and a low dip angle that is less than 1 ∘ (Figure 1A) . A series of near east -west trending, low amplitude, small nose-like uplifts are developed locally; faults and folds are not developed and the tectonic conditions are stable [22, 23] . The Triassic-age Yanchang Formation is the main oil layer. The sedimentary period of the Yanchang Formation mainly consists of continental facies in a sedimentary depression lake basin ( Figure 1B ) [24, 25] . The formation can be divided into 10 oil layers from top to bottom (i.e., Chang 1-Chang 10 layer). The thickness of the Chang 8 Formation is generally 70-100 m ( Figure 1C ). The formation's deposition source from its sedimentary period came from the northeast, northwest, west and southwest cardinal directions with typical shallow-water delta sedimentary characteristics ( Figure 1C ) [26, 27] ; the main reservoir developed in a delta plain distributary channel and the delta's underwater distributary channel and mouth bar, which has a thickness of approximately 10 to 20 m. The reservoir lithology is mainly gray silty sandstone and fine sandstone. The Chang 8 reservoir is a typical low porosity and low permeability reservoir [28] . However, with the deepening of development, relatively high porosity and permeability reservoir characteristics have been discovered under the entire tight sandstone background. These sweet spots formed a serious high quality reservoir, which is the focus of future exploration and development.
Sample and method
In this study, approximately 100 core plugs were collected from 15 bore wells in the Maling Oilfield ( Figure 1B) . All of the sample parameters were analyzed at the State Key Laboratory of the Southwest Petroleum University. Porosity and horizontal permeability tests were performed on all core plugs with a Low-Permeability Gas Measurement 700 unit made by Sanchez Technologies under a net of confining pressures of 5 MPa. In addition, some data were provided by the Institute for Geological Research of the Second Oil Extraction Factory of the Changqing Oilfield.
Each plug has been polished for thin section analysis and prepared by vacuum impregnation with red epoxy resin. Rock mineralogy, diagenetic features, pore characteristics and cements were analyzed using an LV100PO polarized optical microscope.
Different diagenetic facies have been divided out based on the results obtained from the thin sections; 12 samples of three typical diagenetic facies in reservoir development were selected to perform scanning electron microscope on with a Quanta 450 ESEM, which is useful for the identification clays and pore characteristics.
High pressure mercury injection (HPMI), nuclear magnetic resonance (NMR) and oil-water relative permeability measurements were performed on the aforementioned 12 samples.
The HPMI measurements were conducted with a Quanta chrome Poremaster-60 Mercury Injection Apparatus and relevant parameters, such as capillary pressure curves, threshold pressure, the maximum pore radius, the medium pore throat radius, and the maximum mercury saturation were obtained.
NMR analysis was performed on the plug samples under 100% saturated and centrifuged conditions (2.07 MPa). The NMR T2 distributions were measured at 25 ∘ C using a MacroMR12-150H-I nuclear magnetic resonance instrument. The test parameters of the apparatus were set as a receiver delay (RD) of 500 ms, echo time (TE) of 3.5 ms and number of echoes of 400. Oil-water relative permeability measurement was performed with a HAG-250 Permeability Tester; this analysis is important for quantitative characterization of oil and water two-phase flow. Grigsby and Langford (1996) first proposed the concept of diagenetic facies to describe diagenetic heterogeneity in sandstone reservoirs [29] . Zou redefined the concept based on extensive sandstone reservoir research in China; they thought diagenetic facies were the result of diagenetic and structural the processes interacting with sedimentary features [30] . Regardless of their definition, the diagenetic facies is a comprehensive reflection of diagenesis types and strength, diagenetic minerals, and other information [30, 31] . Therefore, it is widely used to illustrate the diagenetic history, evaluate reservoir quality, explain the genesis of tight sandstone and predict 'sweet spots' in recent years [30, [32] [33] [34] .
Results and discussion

Diagenetic facies and pore structure
Generally, diagenetic facies are classified on the basis of such parameters as grain size, authigenic minerals, sorting, clay matrix content, and pore structure [34] . A large number of research publications focus on the classification of diagenetic facies [33, 35] . The tight sandstone in the Ordos Basin is one of these hot spots and some new achievements have been obtained through the study of the sandstone in Chang 3, Chang 7 and Chang 8, the major oil layer of Upper Triassic Yanchang formation [32, 36, 37] .
According to the microscopic observation of the polished thin sections, the lithology of the reservoir rocks sandstone is dominated by lithic arkose and feldspathic litharenite followed by litharenite. Cements are dominated by clay and carbonate minerals. Based on lithological characteristics, such as the texture, composition, type and degree of diagenesis, diagenetic minerals, and pore structure characteristics, the Chang 8 sandstone has been divided into six diagenetic facies (Figure 2 ). Facies I: Weakly compacted and weakly cemented, high primary porosity facies (Figure 2a) . This facies is characterized by weak compaction, low cement minerals, and low matrix content. Primary intergranular pores have been well-preserved, and there are certain feldspar and lithic dissolution pores. The sandstone is porosity-cemented and the intergranular contact is mainly a point contact. Facies II: Weakly compacted and intensely chlorite cemented, high primary porosity facies (Figure 2b ).
Chlorite cementation is intensely developed, present as grain coating around quartz or feldspar grains; the content of chlorite is generally more than 3%. Pore space is mainly intergranular pores and partly intergranular or intragranular dissolution pores. Authigenic microquartz cementation is common in pores, but its content is generally not more than 2%. Chlorite development has two effects: on the one hand, due to its growth on the particle surface, the siliceous cementation loses the mineral growth crystal nucleus and quartz overgrowth is inhibited; on the other hand, the primary pores can be well-preserved, and the chlorite becomes a favorable indicator for the development of high porosity reservoirs. Facies III: Intensely compacted and weak dissolution facies (Figure 2c) .
Compaction leads to a large number of pore loss; the proportion of primary pores is less than 2%. These pore spaces provide a channel for the migration of dissolution fluid. Dissolution of feldspar and rock debris contributes to the improvement of reservoir quality and dissolution mainly develops at the grain edge and inside. As the cementation after dissolution is weak, the pores have been well-preserved. Facies IV: Weak dissolution and intensely cemented facies (Figure 2d ).
Dissolution development, soluble feldspar and rock debris content is high; potassium feldspar dissolution is the most common. The dissolution pore types are the same as in the type III facies; however, unlike the type III facies, the authigenic mineral cementation in the pores is intense, especially the ferrocalcite cement, which blocked almost all of the pores. Facies V: Intensely compacted facies (Figure 2e) .
The sandstone pore loss due to intensely compaction is more than 85% and widely developed in the siltstone and fine sandstone. In the sandstone rich in rigid rock debris, diagenesis is characterized by feldspar and debris grains that were broken under compaction, while in the sandstone rich in plastic rock debris and matrix, diagenesis is shown as the plastic deformation of mica, phyllite and slate rock debris. Due to the influence of early intense compaction, the degree of development of the cementation and porosity are very low. Facies VI: Intensely calcite cemented facies (Figure 2f) .
Cementation of early calcite and late ferrocalcite notably destroyed porosity. The content of calcite cementation is generally greater than 16.5%, accompanied by feldspar kaolinization, calcite metasomatic, dissolution is undeveloped. Pores are extremely rare.
The porosity of all samples is generally less than 10% and the permeability is less than 10 mD (Figure 2g ). The porosity of the facies I sandstone is relatively high, with residual intergranular pores being well-preserved, and developing of feldspar and debris dissolution pores; the rock cementation is weak, and the porosity ranges from 8.86 to 11.2% with an average of 9.8%, while the permeabil- ity ranges from 0.12~8 mD with an average of 0.971 mD (Figure 2h ). Facies II sandstone shows characteristic of intense chlorite cementation had primary intergranular pore development, weak dissolution, and partial calcareous and siliceous cementation ; its porosity ranges from 7.31 to 8.95% with an average of 8.34%, and permeability ranged from 0.01 to 4.02 mD with an average of 0.393 mD (Figure 2h) . Because of the intense compaction and cementation of the facies III sandstone, primary pores are completely destroyed and pores are mainly dissolution pores; porosity ranges from 5.34 to 7.26% with an average of 6.39%; permeability ranges from 0.006 to 2.13 mD, with an average of 0.251 mD (Figure 2h) .
The other three facies are dense due to intense compaction, calcite cementation after dissolution, or early intense calcite cementation, and extremely low pore development degree. The average porosity of 3.58% and an average permeability of 0.066 mD (Figure 2h ), which is lesser than the lower limit of the reservoir physical properties with no industrial value.
Reservoir quality of different diagenetic facies
In addition to porosity and permeability, the reservoir quality should also include pore structure characteristics and fluid flow characteristic. The MICP provides entry pressure, displacement pressure and pore-throat radius distribution [38] ; pore size distribution and movable fluid parameters obtained from NMR test can effectively describe the distribution of movable fluid and relative size of the flowing pore space in porous media [10, 39] . Parameters from the oil-water relative permeability curve makes it clear to analyze the two-phase flow state and remaining oil evaluation in different reservoirs [40, 41] . The results show that there are obvious differences between the three typical reservoir sandstone diagenetic facies (Table 1, Figure 3) : Primary and secondary pores are developed in the facies I sandstone, and their throats are bundle-shaped and flake-shaped (Figure 3a-1) . The displacement pressure of the mercury injection test is 0.47 MPa with a median injection pressure of 4.15 MPa, and the median pore radius is 0.17 µm (Figure 3a-2) . The nuclear magnetic resonance test shows a movable fluid saturation of 60.58% (Figure 3a-3) . The oil phase's relative permeability was 0.521 under a bound water state, and Kro=Krw when the water saturation was 48.08%; at the residual oil state, water phase permeability was 0.661, and the water saturation reaches 61.15% (Figure 3a-4) .
Similar to the facies I, the primary and secondary pores of facies II sandstone are developed, but the pore throats appear in the form of a laminated or neck shape (Figure 3b-1) . The displacement pressure is 1.47 MPa and the median injection pressure reaches 5.52 MPa. The corresponding median pore radius is 0.13 µm (Figure 3b-2) and movable fluid saturation of the sandstone is 52.35% (Figure 3b-3) . The oil-water relative permeability test shows that the oil phase has a relative permeability of 0.367 in the bound water state when the water saturation reaches 53.06%, Kro=Krw, at the residual oil state, the water saturation reaches 60.90%, and the water phase permeability is 0.194 (Figure 3b-4) .
Compared with the facie I and facie II, the pore development degree of III facies is low, and the pore connectivity is poor; the pore throats are mainly curvilinear (Figure 3c-1) . The displacement pressure of this type of facies is the highest, 2.63 MPa, with a median pressure of 9.88 MPa, and the median radius is 0.07 µm (Figure 3c-2) . The NMR test showed a dynamic fluid saturation of 40.25% (Figure 3c-3) . The oil-water relative permeability test showed that under the irreducible water saturation state, the relative permeability of the oil phase was 0.486, and the water saturation was 58.29% when Kro=Krw. Under the residual oil state, the water saturation was 61.20%, and the water phase permeability was 0.212 (Figure 3c-4) .
It is obvious that with the decrease in porosity and permeability, the pore structure property worsens, the bound water saturation increases, and the movable fluid saturation decreases. The characteristics of the "oil-water twophase co-flowing zone" in the relative permeability curve shows that the co-flowing zone area is facies I>II>III, the Kro=Krw point value of facies I sandstone is the highest, and the facies II ≈ III (Figure 4) . Test results show the facies I sandstone has the best seepage property followed by the facies II. It is clear that the poor pore structure leads to a stronger interference of water on the oil phase flow, which is not conducive to enhanced oil recovery. The water saturation of these three reservoir sandstones is approximately 60% at a residual oil state, which means that when the water saturation reaches 60%, the crude oil will completely loose its flow capacity (Figure 4 ).
Controls on the reservoir quality
The shallow water delta and the shore near shallow lake sediments are widely developed during the deposition of the Chang 8 Formation. The three main reservoirdeveloped diagenetic facies are formed in the underwater distributary channel and the mouth sand bar body; diagenesis alteration after deposition generates the differences in reservoir quality [20] .
Reduced or enhanced porosity
The effect of diagenesis on porosity is mainly reflected in the mechanical compaction and cementation [42] , and the enhancement of porosity by dissolution [43] . The compaction effect is characterized by discharge of water in the pores and water between the clay mineral layer from the sediment, and the clastic particles are closely arranged, which leads to the decrease in porosity and permeability. The cementation of the Chang 8 sandstone causes destruction of pores by carbonate/siliceous cement, and clay minerals. Calcite has the highest proportion among these cements. The volume of calcite ranges from 1.3% to 36.5%, with average of 8.55%.
Based on the observation and particle size analysis of the thin sections, the original porosity (OP) of the sandstone was calculated using the formula proposed by Beard and Weyl (1973) [44] . The value ranges from 35.4% to 39.8%, with an average of 38.2%, which combined with compaction porosity loss (COPL), formula Eq. (1), and cementation porosity loss (CEPL) formula, Eq. (2) [42, 45] , to quantitatively evaluate the factors controlling the porosity of each diagenetic facies. In general, the porosity reduction caused by compaction exceeds that caused by cementation. The average porosity loss by compaction of facies I, II and III are 23.5%, 26.4% and 26.5%, respectively ( Figure 5) . Meanwhile, the average porosity loss by cementation of facies I, II and III are 5.8% 7.9% and 12.3%, respectively. Intense cementation and compaction of the remaining three facies resulted in serious damage to the pore structure, reducing the residual intergranular pore volume of sandstone to less than 4%.
It is clear that early intense compaction resulted in approximately the same degree of reduction of the original porosity for various sandstones. The difference in the degree of later cementation results in varying degrees of porosity reduction of each facies type ( Figure 5) .
In some samples of the Chang 8 sandstones, we found bitumen in the pores. This phenomenon indicates the presence of hydrocarbon emplacement. Hydrocarbon emplacement leads to the entry of fluid, rich in organic acids, into the pore system which inhibits the cementation in inorganic diagenetic environments and promotes the dissolution of feldspar and debris, forming secondary pores [46] . There are different degrees of dissolution in pore formation in the three facies, and the pore enhancement ranges from 0.5% to 7.3%. Among these facies, the facies I and II facies sandstone mainly exhibit dissolution along the edge of a primary pore. Meanwhile, for the facies III, the dissolution mainly occurs on the skeleton particles, due to the intense porosity loss caused by the early compaction and cementation. The intensity of the dissolution determines whether it can be an effective reservoir.
Different influences on permeability
The difference in permeability of each diagenetic facies is due to the difference in microscopic pore structure and clay minerals.
The comprehensive effect of compaction and cementation reduces the porosity and forms different pore structure types. The weaker the compaction is, the lesser the influence of cementation is. Stronger the dissolution, the better the primary pores and throats are preserved and corresponding to the less complexity of the pore structure and higher permeability (Figure 2g ). Conversely, sandstones that have undergone complex diagenesis will exhibit poor porosity and permeability, which is not conducive to oil seepage.
As the clay minerals are mainly present along the wall of the pores and throats, the clay plays an important role in influencing the fluid seepage. In the main reservoir diagenetic facies, the faciesI andstone has a low degree of development of clay; The facies II sandstone is enriched in chlorite. The chlorite is present as grain coatings or pore lining, with a thickness ranging from 1 µm to 18 µm, and an average of 4.5 µm (Figure 6a ). The facies III sandstone has characteristics illite development, mainly present in the form of flakes and silky grain (Figure 6b, c) . Illite is mainly derived from the high temperature alternation conversion of other clay minerals and by-products of feldspar dissolution.
Due to the presence of chlorite and illite, the effective radius of seepage pore is reduced, and the clay minerals increase the internal specific surface area of the rock. Which enhances the sandstone's binding capacities to the fluid (Figure 6f, g ). Therefore, facies II and III sandstone exhibit a relatively poor permeability than facies I, in both absolute permeability and relative permeability test (Figure 2g h; 3a-4, b-4, c-4). Note that although the primary porosity of both facies II and I are well preserved (Figure 6e) ,the development of chlorite in the facies II sandstone seriously damages to the permeability (Figure 6f ).
Conclusions
To understand the control factors of reservoir quality and seepage property of tight sand oil reservoirs, we take the Chang 8 reservoir in the Maling Oilfield in the Ordos Basin as an example. Thin section, SEM, HPMI, NMR and wateroil relative permeability tests were performed on representative samples to analyzed the features of lithological and pore structure and fluid mobility. Some new insights are summarized as follows.
1. The Chang 8 sandstone exhibits low porosity and low permeability. The intense compaction leads to the general densification of sandstone during the early diagenesis stage. Different degree of carbonate cementation and dissolution in a later stage leads to the differentiation of reservoir quality and promotes the formation of different diagenetic facies. Facies I and II have contributed to better reservoir development.
2. Diagenesis reduces the porosity and changes the microscopic pore structure of the sandstone. The more complicated the pore structure, the worse the seepage prop- erty, the stronger the interference of water on oil phase seepage. In all sandstones, when the water saturation exceeds 60%, the crude oil will completely lose its flowing capacity.
3. The presence of chlorite and illite in the reservoir reduces the effective pore radius, increases the internal specific surface area of the sandstone, and enhances binding to the fluid, which is an important factor for the reduction of reservoir permeability.
